ABSTRACT This paper concentrates on investigating the dissipative analysis and control problem for a class of nonlinear stochastic singular systems via a Takagi-Sugeno fuzzy control approach. Based on a suitable singular stochastic Lyapunov functional, the sufficient conditions are firstly derived for the considered system to be stochastically admissible and strictly dissipative. Furthermore, the fuzzy state feedback controller is designed, which ensures that the closed-loop system is stochastically admissible and strictly dissipative. In addition, the developed results for nonlinear stochastic singular systems encompass available results on H ∞ approach as a special case. Finally, two numerical examples are presented to show the validity of our proposed control design technique.
I. INTRODUCTION
In the past decades, stochastic systems have played a significant role in the fields of nature science and engineering [1] . Stochastic stability describes the very important characteristic of dynamic stochastic systems and has been extensively investigated for the analysis and design of stochastic control problems. Paramount research contributions have been appeared in plenty of literature (see [2] - [7] ). Specially, the research of stochastic singular systems has stirred increasing interests. For example, Xing et al. [8] presented a types of new generalised Lyapunov equations to investigate the stability problem for discrete-time stochastic singular systems and further gave the exact observability conditions for the systems by the proposed generalised Lyapunov equations. The robust H ∞ filtering problem for a class of uncertain stochastic singular systems with time delays was studied based on an extended formula in [9] . Zhang et al. [10] discussed the sliding mode controller design method for a class of stochastic singular Markovian jump systems with uncertainties. Dissipative control problems of stochastic singular systems with time delays were investigated in [11] , and the relevant results were provided. Compared with the results in [11] , Li et al. [12] derived some new results for the dissipative control problem of the stochastic singular system with state delays by choosing a different Lyapunov function.
On the other hand, the Takagi-Sugeno (T-S) fuzzy method for controller design is a successful approach and it can offer an effective solution to the complex systems. When the model parameters of the nonlinear stochastic system are unexpectedly altered by known noise, the ideal of the stochastic T-S fuzzy model is established. Based on this, many interesting results about stability and control of the nonlinear stochastic systems via T-S fuzzy approach have been reported (see [13] - [18] ). In recent years, the research for nonlinear stochastic singular systems has also made some rapid progress. Some preliminary works have been established for such systems. For instance, the problem of finite-time stability and control for a class of stochastic singular biological economic systems was discussed in [19] . Xing et al. [20] presented some new mean-square admissibility conditions for a class of nonlinear stochastic singular systems via the T-S fuzzy model approach. Hereafter, the H ∞ filtering problem for the time-varying delay stochastic T-S fuzzy singular systems was tracked in [21] , and the corresponding results were presented. However, to the best of our knowledge, so far, the dissipative control problems for nonlinear singular systems with stochastic disturbance via fuzzy models have not yet been fully investigated, which are remain open and challenging. This motivates the main purpose of our study.
In this paper, we will address the dissipative control problem for a type of nonlinear stochastic singular systems via T-S fuzzy models. By constructing the suitable singular stochastic Lyapunov functional, a new sufficient condition ensuring the system to be stochastically admissible and strictly dissipative is proposed. Based on this, the sufficient condition is derived for designing fuzzy state feedback controllers, which guarantees that the resulting closed-loop system is stochastically admissible and strictly dissipative. As we know, H ∞ performance is a special case of dissipativity, so a H ∞ criterion is employed to guarantee the system to be stochastically admissible and achieve a prescribed performance.
The paper is organized as follows. In Section 2, some necessary preliminaries are presented. In Section 3, by the singular stochastic Lyapunov functional, more results are derived for the nonlinear stochastic singular system via T-S fuzzy models. Then the state feedback controller is designed such that the closed-loop system to be stochastically admissible and strictly dissipative. Meanwhile, we also propose a corollary on H ∞ control problem. Two simulation examples are provided in Section 4. Finally, Conclusion is given in Section 5.
Notations: The following notations used are quite standard throughout the paper. n describes the n-dimensional Euclidean space, and m×n is the real matrix with m × n dimension. The symbol "*" represents the symmetric term in a block matrix. A T denotes the transpose of A. X ≥ 0 (X > 0) means that X is a real symmetric and positive semidefinite (positive definite) matrix. Symbol E{·} stands for the mathematical expectation operator, and diag{. . .} denotes a block-diagonal matrix.
II. PROBLEM STATEMENT AND PRELIMINARIES
Let the dynamics of a class of nonlinear stochastic singular system be expressed as the T-S fuzzy models in a complete probability space ( , F, P). The ith rule of the system is described by the following If-Then form:
where x(t) ∈ n is the state vector of the plant, y(t) ∈ q is the controlled output vector, u(t) ∈ m is the input vector,
T are the premise variables, G ij are the fuzzy sets. The matrix E 0 ∈ n×n maybe singular, we assume rank
is a one-dimensional standard Brownian motion defined on the probability space , F, {F t } t≥0 , P , where is the sample space, F t ⊂ F is the σ -algebra of subsets of the sample space, and P is the probability measure on F. We suppose
Employing a standard fuzzy singleton inference method and weighted center-average defuzzifier process, the global fuzzy model of (1) is as follows:
And for ∀i = 1, 2, · · · , s, we have
in whichĜ ij (ξ j (t)) is the grade of membership of ξ j (t) in the fuzzy set G ij . And h i (ξ (t)) satisfies
Next, the fuzzy state feedback controller for the considered model is formulated as follows:
where K i is the state feedback gain to be designed. Then the overall fuzzy state feedback controller can be expressed as:
Furthermore, we can get the following overall closed-loop stochastic T-S fuzzy singular system
Consider the following unforced stochastic T-S fuzzy singular system of the system (3)
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Definition 1:
(III) System (3) is said to be regular and impulse-free if the pair (E 0 ,Ã h ) is regular and impulse-free.
Definition 2: (I) System (7) with v(t) = 0 is said to be stochastically stable in the mean square if, for any (7) is said to be stochastically admissible if it is regular, impulse-free, and stochastically stable in the mean square.
Next, a quadratic energy supply function is defined as follows:
where Q 0 , S 0 , and R 0 are real constant matrices with Q 0 and R 0 symmetric. Moreover, let us set Q 0 = Q T 0 < 0. Definition 3: System (3) with u(t) = 0 is said to be stochastically dissipative if there exists a nonnegative storage function V (x(t), t) satisfying V (x(0), 0) = 0, such that for all v(t), y(t) and t 1 ≥ t 0 ,
The above inequality is called the stochastic dissipation inequality. If the stochastic dissipation inequality holds strictly, then the system (3) is called to be stochastic strictly dissipative.
Remark 1: It can be shown from Definition 3 that the above strict dissipativity include H ∞ performance and strict passivity.
1. When Q 0 = −I , S 0 = 0, and R 0 = γ 2 I , strict dissipativity reduces to H ∞ performance requirement.
2. When Q 0 = 0, S 0 = I , and R 0 = 0, strict dissipativity corresponds to strict passivity or strictly positive realness.
3. When Q 0 = −θ I , S 0 = (1 − θ )I , R 0 = θ γ 2 I , θ ∈ (0, 1), strict dissipativity represents mixed H ∞ and positive real performance.
Lemma 1 [22] : Let us consider the following system:
where
, and E + 0 is a generalized invertible matrix. Lemma 2 [20] : The following items are true. (i) Assume that rank(E 0 ) = r, there exist two orthogonal matrices M and N such that
ThenX =Ñ T XM with M andÑ satisfying (9) if and only ifX
with X 11 ≥ 0 ∈ r×r . In addition, when X is nonsingular, we have X 11 > 0 and det(X 22 ) = 0. Furthermore, satisfying (10) can be parameterized as
where Z = diag{X 11 , }, Y = X 21 X 22 , and ∈ (n−r)× (n−r) is an arbitrary parameter matrix. (iii) If X is a nonsingular matrix, is a positive definite matrix, X and E 0 satisfy (10), Z is a diagonal matrix from (12) , and the following equality holds:
Then the positive definite matrixQ = MZ −1 M T is a solution of (13) .
Assumption 1 [23] :
It can be seen from the above assumption, the matrix pair (E 0 ,Ã h ) is regular and impulse-free, which guarantee the existence and uniqueness of solution for the system (3).
III. MAIN RESULTS
In this section, we derive the sufficient conditions of stochastic admissibility and strict dissipativeness for the considered systems. And then, the state feedback controller is proposed in term of the solutions to linear matrix inequalities.
Theorem 1: System (3) with u(t) = 0 is stochastically admissible and strictly dissipative if there exists nonsingular matrix P such that the following matrix inequalities hold.
The proof is divided into two parts. The first part, we treat the regularity and impulse-free properties. Choose two nonsingular matrices M and N such that
From (14), we can obtain
Then, we have P 11 = P T 11 , P 12 = 0. It can be found from (15) that
Noting that h i (ξ (t)) ≥ 0,
Thus,
From (16) and (19) , one has
Because 1 and 2 are irrelevant to the results of the following discussion, the real expression of these two variables are omitted here. From (20) , we haveÃ T h22 P 22 +P T 22Ã h22 < 0, it is easy to obtain thatÃ h22 is nonsingular. So, it follows from Lemma 2.3 in Ref. [24] and Definition 1, we show that the pair (E,Ã h ) is regular and impulse-free. Therefore, the system (3) is regular and impulse-free.
Next, we deal with the stochastic stability in the mean square for the system (3). A singular Lyapunov function is then constructed as follows:
Let L be the infinitesimal generator (called also the averaged derivative). Using Lemma 1, then evaluating the derivative of V (x(t), t) along the solutions of the system (3), it yields
From the condition (15), by Schur complement lemma, it is easy to obtain that LV (x(t), t) < 0. Then, from Definition 2 and [25] , the system (3) is stochastically stable in the mean square. Therefore, the system (3) is stochastically admissible.
For t > 0, introduce the following cost function
where (3) is strictly dissipative if it the following inequality holds.
Then,
Since the condition (15) is equivalent to the following inequality
The above inequality (26) is equivalent to
Let −Q 0 = F T F, and by the Schur complement lemma, (27) is equivalent to (25), we have 2 < 0. By using VOLUME 6, 2018 Definition 3, we can obtain that the system (3) is strictly dissipative, which completes the proof.
Remark 3: Theorem 1 gives a sufficient condition of the stochastic admissibility problem of the system (3). Our result is based on the solution of a linear matrix inequality.
Remark 4: When Q 0 = 0, S 0 = I , and R 0 = 0, the nonlinear stochastic singular system (3) with u(t) = 0 is stochastically admissible and strictly passive if there exists nonsingular matrix P such that the following matrix inequalities hold.
When Q 0 = −I , S 0 = 0, and R 0 = γ 2 I , the nonlinear stochastic singular system (3)(u(t) = 0) with H ∞ performance index γ > 0 is stochastically admissible, if there exists nonsingular matrix P such that the following matrix inequalities hold.
In what follows, our first results deal with the fuzzy state feedback dissipative control problem.
Theorem 2: System (6) via the fuzzy state feedback controller (5) is stochastically admissible and strictly dissipative if there exist nonsingular matrix X , positive definite matrixQ and L j , j = 1, 2, · · · , s such that
whereQ =Q −1 , and
In this case, the local gains of the fuzzy state feedback controller is K j = L j X −1 .
Proof: Applying the fuzzy state feedback controller (5) into the system (3) results in the closed-loop system (6) . To facilitate the analysis, and the system (6) can be simplified to
(34)
By Theorem 1, the system (34) under Assumption 1 is stochastically admissible and strictly dissipative if there exist a scalar > 0, nonsingular matrix P andK h > 0 satisfying (14) and
Multiplying the inequality (35) on the left and right by diag P −T I I and its transpose, respectively, and let
Then, using the condition (31) and the Schur complement lemma, it results that inequality (36) is equivalent to the following inequality
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Inequality (37) can be rewritten as
From the conditions (32), (33) and the above inequality (38), we have
Therefore, by the Definition 3, it can be seen that system (6) is strictly dissipative, which completes the proof.
The following corollary stands out as an important special case.
Corollary 1: Given a scalar γ > 0, system (6) via the fuzzy state feedback controller (5) is said to be stochastically admissible with disturbance attenuation level γ , suppose there exist nonsingular matrix X , positive definite matrixQ and L j , j = 1, 2, · · · , s such that
and all other symbols are given in Theorem 2. In this case, the local gains of the fuzzy state feedback controller is K j = L j X −1 . Proof: Follows from Theorem 2 by setting Q 0 = −I , S 0 = 0, R 0 = γ 2 I , which completes the proof.
IV. NUMERICAL EXAMPLES
This section, we give a numerical example and a practical example to show that the proposed results, respectively.
Example 1:
Consider the following fuzzy model: , 2) represents the membership function of the fuzzy set G ij , which follows that
And
The parameters of supply rate are given: The system's state response trajectories are given in Figures 1 and 2 , which mean that the closed-loop system is stochastically stable in the mean square. Figure 3 shows the state trajectories of the H ∞ controller. By choosing different values of Q 0 , S 0 , and R 0 , the dissipative control can include various types of control as special cases.
In order to further verify the dissipative control for the closed-loop nonlinear stochastic singular systems by Theorem 2, we will address the dissipative control problem for nonlinear stochastic singular single-species bio-economic systems in [19] .
Example 2: Let us consider the following nonlinear stochastic singular single-species bio-economic model:
where the concepts of model parameters can be defined in [19] .
To avoid the unstable fluctuation of the considered systems caused by the impulsive phenomena, it is necessary to consider harvesting strategies and maintain the sustainable development of the system, it is very important to take action to stabilize biological population. So, we propose the following state feedback control method of the system:
where u(t) is control variable, representing regulation control for a biological resource.
Let ξ (t) = x(t) y(t) E(t)
T , using the similar fuzzy modeling method in [19] , the stochastic T-S fuzzy singular system model is described by
with k > 0 is the carrying capacity of the population.M i , i = 1, 2 is the fuzzy set, h i (y(t)) ≥ 0 is a membership function ofM i , and
Based on marine fishery statistics data in Liaoning province [26], we properly select and process the data (nondimensional transformation, equal ratio simplification, approximation, and so on) according to the parameters in the model of this paper. In sequence, the values of parameters are as follows:
The parameters of supply rate are given: Figure 4 shows the state trajectories of the H ∞ controller. It can be seen from Example 2 that our proposed design method is effective and feasible.
V. CONCLUSION
In this paper, we proposed the dissipative control design method for nonlinear stochastic singular systems via T-S fuzzy models. A dissipative analysis performance condition has been proposed in the form of LMIs. Based on this condition, a fuzzy state feedback controller design method has been developed, which guarantees that the closed-loop system is stochastically admissible and strictly dissipative in the sense of expectation. Additionally, we also established the developed LMI-based feasibility results on H ∞ approach, as a special case. Numerical examples have been given to illustrate the results. The results developed here can be further extended to stochastic T-S fuzzy singular systems with parameter uncertainties or time-delay. Her main research interests include stochastic singular system theory, the fuzzy descriptor system theory, the optimal control theory, dissipative control, and filtering. LIANG QIAO was born in 1985. He received the M.Sc. degree in operations research and control theory and the Ph.D. degree in control theory and control engineering from Northeastern University, Shenyang, China, in 2009 and 2016, respectively. He is currently a Post-Doctoral Fellow at Peking University, Beijing, China, where he works on fuzzy descriptor systems, fault diagnosis, and fault-tolerant control.
